The transcription repressor Bach1 is a sensor and effector of heme that regulates the expression of heme oxygenase 1 and globin genes. Heme binds to Bach1, inhibiting its DNA binding activity and inducing its nuclear export. We found that hemin further induced the degradation of endogenous Bach1 in NIH 3T3 cells, murine embryonic fibroblasts, and murine erythroleukemia cells. In contrast, succinylacetone, an inhibitor of heme synthesis, caused accumulation of Bach1 in murine embryonic fibroblasts, indicating that physiological levels of heme regulated the Bach1 turnover. Polyubiquitination and rapid degradation of overexpressed Bach1 were induced by hemin treatment. HOIL-1, an ubiquitin-protein ligase which recognizes heme-bound, oxidized iron regulatory protein 2, was found to bind with Bach1 when both were overexpressed in NIH 3T3 cells. HOIL-1 stimulated the polyubiquitination of Bach1 in a purified in vitro ubiquitination system depending on the intact heme binding motifs of Bach1. Expression of dominant-negative HOIL-1 in murine erythroleukemia cells resulted in higher stability of endogenous Bach1, raising the possibility that the heme-regulated degradation involved HOIL-1 in murine erythroleukemia cells. These results suggest that heme within a cell regulates the polyubiquitination and degradation of Bach1.
Heme is essential for life, as it is a prosthetic group consisting of many heme proteins in reactions involving molecular oxygen, electron transfer, and diatomic gases. In addition, evidence that heme plays a regulatory role by conditionally binding to proteins has recently emerged. As a ligand, heme regulates transcription factors (7, 21, 48) , sorting of mitochondrial and nuclear proteins (16, 34) , protein kinase HRI (5, 6, 26) , and the potassium channel (39) . Heme also regulates protein degradation in both prokaryotes and eukaryotes. Heme binds to the bacterial iron response regulator (Irr) through its heme regulatory motif (HRM), thus causing a rapid degradation of Irr (24, 25, 44) . In mammalian cells, heme binds to iron regulatory protein 2 (IRP2), a regulator of iron homeostasis, through its HRM (11, 42) . Upon binding, heme is suggested to cause the oxidation of IRP2, thus leading to its recognition by the E3 ubiquitin-protein ligase HOIL-1, and also resulting in the polyubiquitination and subsequent proteasome-dependent degradation (12, 42) . While the polyubiquitination of protein is often regulated by covalent modifications, such as the phosphorylation of a target, the finding of the heme-regulated degradation of IRP2 suggests that heme may constitute another class of molecular signature for recognition by an E3 ubiquitin ligase. However, the generality of this concept has not yet been established, and IRP2 is the only example.
The transcription repressor Bach1 is a sensor and effector of heme (10) . Bach1 forms heterodimers with the small Maf proteins (MafF, MafG, and MafK) to bind to MARE (Maf recognition element), thus repressing the expression of target genes (23) . As a sensor of heme, Bach1 binds heme through its multiple HRMs (21) , thereby losing its activity as a repressor. First, the DNA binding activity of Bach1 dramatically decreases upon heme binding in vitro (21, 33) . Second, a hemeregulated nuclear export signal of Bach1 is activated upon heme binding, thus leading to its accumulation in the cytoplasmic region (34) . The net effect of heme is a derepression of the Bach1 target genes, constituting a fundamental mechanism in transducing the heme metabolism as an input into gene expression as an output. The target genes of Bach1 in mice include the ␣-and ␤-globin genes (3, 32, 36, 37) and the heme oxygenase 1 (HO-1) gene (Hmox-1) (32, 33) . These genes possess MARE in their cis regulatory elements to which Bach1 binds, causing repression. When the heme levels increase, the displacement of Bach1 from the enhancers ensues (32) . Simultaneously with the derepression by heme, activators such as NF-E2 and Nrf2 are stimulated, thus binding to the vacant enhancers to realize the activation of target genes. In the Bach1-deficient mice, HO-1 is highly expressed in many tissues (33) , thus leading to decreased damage of tissue injuries, such as arteriosclerosis (22) and ischemic-reperfusion of the heart (45) . We herein demonstrate another layer of the heme-mediated regulation of Bach1 involving its polyubiquitination and degradation. By analyzing the effects of hemin (ferric protoporphyrin IX) upon endogenous Bach1 in NIH 3T3 and murine erythroleukemia (MEL) cells, we found that increased levels of heme induced not only the nuclear export of Bach1 but also its polyubiquitination and degradation. HOIL-1 bound Bach1 in vivo and thus stimulated its polyubiquitination in protease inhibitor cocktail). The extracts were diluted with 4ϫ volume of ID(0) buffer (20 mM HEPES, pH 7.9, 20% glycerol, 5 mM MgCl 2 , 1.3 mg/ml bovine serum albumin, and 1ϫ protease inhibitor cocktail), cleared for precipitates, and reacted with 25 l slurry (1:1) of anti-FLAG M2 agarose beads (Sigma) at 4°C for 4 h. After the extracts were washed four times with wash buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 2 mM EDTA, 0.1% NP-40), the precipitates were analyzed by SDS-polyacrylamide electrophoresis and immunoblotting with anti-HA antibodies.
In vitro ubiquitination assay. The purification of recombinant E1, E2 (UbcH5c), and HOIL-1 was described previously (42) . The indicated amounts of Bach1 or Bach1mCP1-6 (9, 21) were incubated with 0.5 g of ubiquitin aldehyde (Affiniti), 5 g of ubiquitin (Sigma), and ATP and ATP-regenerating system (0.5 mM ATP, 10 mM creatine phosphate, 10 g of creatine phosphokinase) in 20 l of 20 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , and 2 mM DTT in the presence or absence of 100 ng of E1, 100 ng of E2 (UbcH5c), and 1 g of HOIL-1 as indicated for 2 h at 37°C. Where indicated, hemin was included at various concentrations. The reactions were stopped by the addition of 4ϫ SDS sample buffer (200 mM Tris-HCl, pH 6.8, 8% SDS, 400 mM DTT, 40% glycerol, 0.2% bromophenol blue) and then resolved on a 6% SDS-polyacrylamide gel, followed by immunoblotting with rabbit anti-Bach1 antibody.
Coimmunoprecipitation assays. To analyze protein interaction, NIH 3T3 cells in 10-cm dishes were transfected with 3 g each of pCMVFLAGBach1 and pcDNA3.1HA-HOIL1 or their derivatives. After 24 to 36 h, the total protein extracts were prepared and precipitated with anti-FLAG M2 agarose beads as described previously (43) .
MEL cells expressing DN HOIL-1.
The open reading frame fragment of dominant-negative (DN) HOIL-1 (C240 and 243S) (42) was amplified by PCR with a 5Ј primer containing a XhoI site (5Ј-CCGctcgagATGGGCACAGCCAC GCCAGAT-3Ј) and a 3Ј primer containing a NotI site (5Ј-GTTAAgcggccgc TCAGTGGCAGTTCTGACAGCT-3Ј). Amplified DNA was digested with restriction enzymes and subcloned between the XhoI and NotI sites of pOZ-FH-N (20), resulting in pOZ-HOIL-1DN that directs expression of a bicistronic mRNA encoding the DN form of FLAG-or HA-tagged HOIL-1 (FLAG-HOIL-1 or HA-HOIL-2, respectively) and interleukin 2 receptor ␣-subunit. 293P packaging cells were transfected with pOZ-HOIL-1DN using GeneJuice (Novagen). Viral supernatants were harvested 2 days after transfection and used to transduce MEL cells. Transduced cells were enriched by repeated cycles of affinity cell sorting using anti-interleukin 2 receptor ␣-subunit antibody. Nontransduced cells were used as a control.
Half-life determination. NIH 3T3 cells or MEL cells were incubated with 20 g/ml cycloheximide in the presence or absence of 10 M hemin. Band intensities of Western blots were measured by densitometric analysis. MafK or actin bands were used as internal controls to correct for protein loadings.
RESULTS
Heme induces the degradation of Bach1. To examine the effect of heme upon endogenous Bach1, we first carried out detailed characterization of the anti-Bach1 antibody (A1-5) described previously (32) . Total cell extracts were prepared from MEFs isolated from control wild-type and Bach1-deficient mice. The A1-5 antibody detected an antigen with a mobility expected for Bach1 in the extracts from wild-type MEFs (Fig. 1A) . The remaining faint band in the extracts of Bach1-deficient MEFs may be due to an unrelated cross-reactive antigen. The identity of the other antigen is not known at present. However, they were judged unrelated to Bach1 because they were present in both extracts from control and Bach1-deficient MEFs. To further confirm these conclusions, extracts from MEL cells were immunoprecipitated with A1-5, and the precipitates were analyzed by immunoblotting with A1-5 (Fig. 1B) . Only the presumed Bach1 antigen was enriched by the immunoprecipitation. A1-5 was thus useful to detect endogenous Bach1 in murine cells.
We treated NIH 3T3 cells with various concentrations of hemin for 2 h and compared Bach1 levels (Fig. 1C) . Hemin at concentrations as low as 2.5 M caused significant reduction of Bach1. In contrast to Bach1, the amounts of MafK remained VOL. 27, 2007 HEME-REGULATED UBIQUITINATION OF Bach1 6963 unchanged after hemin treatment (Fig. 1C) . Thus, we regarded MafK as an internal loading control. When treated with proteasome inhibitorsMG132 or lactacystin, the hemin-induced Bach1 reduction was negated (Fig. 1D, top panel) , suggesting that hemin induced proteasome-dependent degradation of Bach1. These reagents did not affect the levels of lamin B (Fig.  1D , bottom panel).
To investigate whether endogenous levels of heme affect Bach1 protein levels, we examined the effect of succinylacetone, an inhibitor of ␦-aminolevulinic acid dehydratase, the second enzyme involved in the heme synthesis pathway, upon the levels of Bach1 in MEFs. SA caused an increase of Bach1 level (Fig. 1E ) and a reduction of heme level (Fig. 1F) . Since most of heme is expected to bind proteins, such as cytochrome c, tightly, the observed reduction of heme may reflect changes in the levels of "uncommitted" heme pool which could be a ligand for Bach1 (27) . Taken together, these results suggest that physiological levels of heme can function as a trigger of Bach1 degradation. The effect of heme upon endogenous Bach1 was also observed in MEL cells in which even 0.5 M of hemin in the medium caused a reduction of Bach1 in 2 h ( Fig. 2A) .
Heme stimulates the nuclear export of Bach1 when it is overexpressed in several cell lines (34) . To investigate the relationship between the heme-induced reduction and nuclear export of Bach1, we examined the effect of hemin on the subcellular distribution of overexpressed Bach1 in MEL cells. An immunoblot analysis using anti-Bach1 antibody revealed that Bach1 localized in both the cytoplasmic and nuclear fractions under normal culture conditions (Fig. 2B ). We then treated MEL cells with 10 M hemin for 3 h. Not only the nuclear but also the cytoplasmic levels of Bach1 significantly decreased (Fig. 2B ). Proteasome inhibitor MG132 negated the disappearance of Bach1 from the cytoplasmic fraction but not in the nuclear fraction. Hemin induced an appearance of lowermobility bands in the cytoplasmic fraction, which was augmented by MG132 treatment. These bands may represent polyubiquitinated Bach1 (see below). Thus, heme appears to induce proteasome-dependent degradation of Bach1 in the cytoplasmic region following its nuclear export, although we cannot exclude the possibility that Bach1 is also degraded in the nuclei.
Because hemin induces expression of HO-1 very rapidly, it is highly likely that hemin added was degraded by HO-1 in cells. Thus, it is possible that products of heme degradation, in particular iron, were responsible for the Bach1 decay. For example, it has been reported recently that inhibition of IRP1 activity by heme is mediated by the iron produced by HO-1 (30) . To address this possibility, we utilized tin protoporphyrin IX (SnPP), an inhibitor of HO. As in Fig. 2A , 0.5 M hemin caused Bach1 decay (Fig. 2C) . SnPP itself did not show this effect. Importantly, SnPP did not inhibit the hemin-induced Bach1 degradation (Fig. 2C ). When cells were treated with ammonium iron(III) citrate to increase intracellular iron levels (11), Bach1 remained the same (Fig. 2C) . These results strongly suggest that heme itself was responsible for the Bach1 degradation. Zinc protoporphyrin IX (ZnPP) also caused degradation ( Fig. 2C ) which became more clear at higher concentrations of ZnPP (data not shown). Because ZnPP is unable to bind to a sixth ligand, it does not interact with molecular oxygen when bound to a protein in a five-coordinated manner (2) . Therefore, ZnPP bound to Bach1 may not produce reactive oxygen species. A simple interpretation would be that heme-regulated degradation of Bach1 takes place without protein oxidation (see Discussion).
To confirm that hemin induced Bach1 degradation, we expressed FLAG-tagged Bach1 (FLAG-Bach1) and FLAGMafK in NIH 3T3 cells, treated the cells with cycloheximide, and then cultured them in the absence or presence of hemin in the medium. Upon immunoblotting with anti-FLAG antibody, FLAG-Bach1 and FLAG-MafK were identified based on their mobilities. As shown in Fig. 3A , FLAG-Bach1 was rather stable in the absence of hemin, but it disappeared more rapidly in the presence of hemin. Its half-life was shortened less than 1 h by the presence of hemin (Fig. 3B) . We conclude that heme induces degradation of Bach1 in vivo.
Heme induces ubiquitination of Bach1. Since the proteasome-dependent degradation of proteins involves their modification by polyubiquitination, we examined whether heme induced ubiquitination of Bach1. Various combinations of FLAG-Bach1, FLAG-MafK, and HA-tagged ubiquitin (HAubiquitin) were expressed in NIH 3T3 cells by transfecting the respective expression plasmids. After treating cells with or without hemin, whole-cell extracts were prepared from the cells and were subjected to immunoprecipitation of FLAGBach1 or FLAG-MafK with anti-FLAG antibody. An immunoblotting analysis of the precipitates with an anti-HA antibody revealed that polyubiquitination of FLAG-Bach1 or FLAG-MafK was not apparent under normal conditions ( Fig.  4A and B) . In contrast, it significantly increased when the cells expressing FLAG-Bach1 (Fig. 4A, lane 3) or FLAG-Bach1 and FLAG-MafK (Fig. 4B , anti-HA blot, lane 5) were treated with hemin. Concomitantly, the amounts of FLAG-Bach1 decreased (Fig. 4B, anti-Bach1 blot) . In contrast, when FLAGMafK alone was expressed, it did not show a significant level of ubiquitination (Fig. 4A, lane 5, and B, lane 6), and it did not decrease in response to hemin (Fig. 4B, anti-MafK blot) . An immunoblot analysis with anti-Bach1 antibody confirmed that the polyubiquitinated bands contained Bach1 (Fig. 4B , antiBach1 blot). The time course of hemin-induced ubiquitination of FLAG-Bach1 was examined (Fig. 4C) . In this experiment, MG132 was added to inhibit degradation and thus to compare the levels of polyubiquitinated FLAG-Bach1. Ubiquitination of FLAG-Bach1 was induced as early as 1 h after hemin treatment (Fig. 4C) . Even though ubiquitination of FLAG-Bach1 was detected in the absence of hemin after 4 h, densitometry analysis revealed that the levels were much less (Fig. 4C, lower  panel) . The extent of polyubiquitination as judged by the mobility was also less. The observed polyubiquitination without added hemin may be due to endogenous levels of heme or due to a misfolding of a portion of overexpressed Bach1. Nonetheless, these results established that hemin enhanced the polyubiquitination of Bach1.
To rule out the possibility that the increased polyubiquitination of Bach1 is not a specific event, we compared the ubiquitination of bulk proteins with direct immunoblotting of whole-cell extracts. As shown in Fig. 5A , the total ubiquitination levels increased by treating cells with MG132 presumably due to the accumulation of ubiquitinated proteins. Hemin treatment did not increase the levels of ubiquitinated proteins with or without MG132 treatment. We thus concluded that the heme-induced polyubiquitination was specific to Bach1 among the many proteins that are modified by ubiquitination. We next compared Bach2 and Nrf2 and found that Bach2 was also polyubiquitinated in response to hemin treatment (Fig. 5B) . Nrf2 was polyubiquitinated under normal culture conditions as reported previously (15, 17, 46) , which was not obviously affected by hemin treatment (Fig. 5B) . These results suggest that heme-induced polyubiquitination is thus a shared feature between Bach1 and Bach2.
HOIL-1 binds to Bach1 and mediates its ubiquitination. HOIL-1 is the only E3 ubiquitin ligase whose target recognition is reported to be regulated by heme (42) . In the case of IRP2, the binding of heme to IRP2 results in its polyubiquitination by HOIL-1. To investigate whether HOIL-1 is involved in the regulation of Bach1, we first examined their binding after overexpressing them in NIH 3T3 cells. As shown in Fig.  6A , HOIL-1 was coimmunoprecipitated along with Bach1. In a reverse experiment in which FLAG-HOIL1 was immunoprecipitated, the coexpressed Bach1 was also precipitated (Fig.  6B) . The Bach1-HOIL1 interaction was judged to be specific, because Bach1 was not coimmunoprecipitated with another E3 ligase Parkin as efficiently as with HOIL-1 (Fig. 6B) . Quantification of the bands showed that the efficiency of Bach1 recovery with HOIL-1 was at least 10-fold more than that with Parkin. The interaction of Bach1 and HOIL-1 was lost after hemin treatment due to the degradation of Bach1 (Fig. 6A) . We failed to detect interaction of endogenous Bach1 and HOIL-1 proteins in NIH 3T3 cells in coimmunoprecipitation assay even in the presence of MG132 (data not shown). Their interaction may be transient and unstable as expected for an enzyme-substrate interaction. Further study is necessary to understand in vivo interaction between Bach1 and HOIL-1. To investigate whether HOIL-1 is an E3 ligase of Bach1, we carried out an in vitro ubiquitination assay using purified proteins. As shown in Fig. 7A , HOIL-1 stimulated polyubiquitination of Bach1 only in the presence of both E1 and E2 enzymes. Omission of either E1 or E2 abolished Bach1 polyubiquitination. Bach1 carries six HRM-like sequences each containing cysteine-proline (CP) motifs (21) . Among them, CP motif 3 (CP3), CP4, CP5, and CP6 have been shown to bind to heme in vitro (21, 34) . Mutations in all of the CP motifs significantly reduced the HOIL-1-mediated ubiquitination, thus suggesting an involvement of some of the HRMs/CP motifs in the HOIL-1-mediated polyubiquitination. Consistent with this interpretation, the addition of hemin in the reaction mixtures strongly increased the levels of polyubiquitination of Bach1 but not Bach1 with mutations in the CP motifs (Fig. 7B) . This set of experiments also revealed that HOIL-1 together with E1 and E2 enzymes efficiently monoubiquitinated Bach1. In contrast, monoubiquitination of Bach1 with CP mutations was less efficient. These results strongly suggest that HOIL-1 is one of the E3 ligases that mediate the heme-regulated polyubiquitination of Bach1.
To map a region of Bach1 that is involved in the HOIL-1 binding, we expressed various FLAG-tagged fragments of Bach1 (Fig. 8A) together with HA-HOIL-1 in NIH 3T3 cells, immunoprecipitated with anti-FLAG antibody, and looked for the presence of HOIL-1 in the immunoprecipitates. The results shown in Fig. 8B and C can be interpreted as follows. Both the N-and C-terminal regions of Bach1 were not involved in HOIL-1 binding, and a central region (amino acids 426 to 503) containing the CP3, CP4, and CP5 motifs was involved specifically in HOIL-1 binding.
We next determined a region of HOIL-1 that mediated Bach1 binding by coexpressing HA-tagged HOIL-1 fragments (Fig. 9A) and FLAG-Bach1. Among the fragments examined, ⌬28-88 lacking the ubiquitin-like domain showed less binding to FLAG-Bach1 (Fig. 9B) . This seemed to be significant especially when taking into account the fact that ⌬28-88 was expressed more abundantly than other HOIL-1 fragments. Consistent with this, an N-terminal fragment containing the ubiquitin-like domain was coprecipitated along with Bach1. Considering that the ubiquitin-like domain is involved in the recognition of IRP2 (42), we concluded that the N-terminal region containing the ubiquitin-like domain was therefore also involved in Bach1 binding. There may be several, redundant Bach1-binding sites within this region.
Bach1 is a substrate of HOIL-1 in vivo. To examine whether HOIL-1 is the E3 ligase that facilitates the degradation of Bach1 in vivo, we expressed stably in MEL cells the dominantnegative form of FLAG/HA-HOIL-1 that carried two point mutations (C240 and 243S) in the RING finger domain and was shown previously to sequester its substrate IRP2 in cells mcb.asm.org (42) . Because Bach1 bound to the N-terminal region of HOIL-1 (Fig. 9) , we anticipated that this DN form would sequester Bach1 as well. Compared to endogenous HOIL-1, DN HOIL-1 was expressed at two-to threefold-higher levels (Fig. 10A) . To examine the kinetics of Bach1 degradation, we treated the control and DN HOIL-1-expressing cells with cycloheximide. As shown in Fig. 10B and C, endogenous Bach1 in MEL cells underwent degradation under normal culture conditions with a half-life of approximately 55 min. This relatively short half-life may be due to degradation of Bach1 driven by endogenous levels of heme as in MEF cells (Fig. 1E) . This basal-level degradation of Bach1 was delayed substantially by expressing DN HOIL-1 ( Fig. 10A and B) , suggesting that HOIL-1 was indeed involved in the basal, heme-regulated degradation of Bach1 in MEL cells.
DISCUSSION
Our results provide strong evidence that heme regulates polyubiquitination and subsequent proteasome-dependent degradation of Bach1, thus extending the role of heme as a signaling molecule. Heme is a critical prosthetic group for diverse life forms, and it is synthesized and/or present in virtually every cell. The cellular heme levels can change due to the balance of its synthesis and degradation. Heme can also be taken up from outside of the cell via specific transport systems upon disease conditions, such as hemolysis (31, 38) . Taken together with our previous observations (21, 33, 34) , our findings suggest that heme inhibits the activity of Bach1 through multiple mechanisms, including inhibition of DNA binding, induction of nuclear export, and degradation to achieve derepression of target genes.
We found that endogenous levels of heme regulated the turnover of Bach1 in vivo (Fig. 1E) . Although the physiological relevance of the heme-regulated degradation of Bach1 remains to be evaluated, we can envisage two meanings for the hemeinduced proteolytic dismantling of Bach1. First, it allows for the timely inactivation of a Bach1 repressor complex on a target enhancer by reducing the overall levels of Bach1 and/or by promoting in situ ubiquitination of DNA-bound Bach1. It should also preclude the subsequent assembly of a Bach1 repressor complex on the vacant enhancer after any inadvertent reactivation of this critical regulator. Second, because Bach1 and its competitors, such as Nrf2, share small Maf proteins as their obligate heterodimer partners (13, 23) , reduced levels of Bach1 are thus expected to shift the equilibrium toward formation of the activating Nrf2/small Maf heterodimers. The level of Nrf2 in a cell is kept low under normal conditions by a proteasome-dependent degradation system in which Keap1, a substrate recognition adaptor protein for Cullin 3-based E3 ligase, directs the polyubiquitination of Nrf2 (8, 14, 15, 47) . The fact that both the repressor and activator are regulated by distinct polyubiquitination systems seems very important because the regulated protein stability can effectively widen the range of protein levels in vivo. Such an increased range of regulatory proteins has been shown to be associated with a robust operation of the genetic circuits (4). Furthermore, because degradation of Bach1 and Nrf2 is regulated by distinct mechanisms, combinations of their upstream regulatory signals (e.g., heme for Bach1 and thiol-reactive electrophiles for Nrf2) can thus widen the ratio between the two protein concentrations in vivo. When Bach1 is degraded in a timely manner, target genes are expected to be expressed at higher levels due to a higher activator/repressor ratio. When Bach1 persists, Nrf2 may be inefficient in target gene activation. The combination of Bach1 and Nrf2 can thus make their target gene circuits more robust and stable. When combined with other mechanisms, such as heme-induced nuclear export, the heme-induced degradation of Bach1 may help to transduce heme levels into target gene expression precisely in magnitude and/or duration. It should be noted that the heme-binding affinity of Bach1 is relatively weak in comparison to proteins such as globins that utilize heme as a prosthetic group (21) . Although the relatively low affinity conforms to the regulatory role of heme, such a weak interaction can potentially lead to a leaky regulation. We surmise that the three modes of regulation by heme (i.e., inhibition of DNA binding, nuclear export, and degradation) show a cooperative effect at a system level, thus achieving a sensitive monitoring of heme levels within a narrow fluctuation range. Consistent with this idea, we observe that endogenous levels of heme substantially affected the amount of Bach1 in MEFs (Fig. 1E) . As such, Bach1 may be able to transduce a modest change in the heme levels under physiological as well as pathological conditions into gene expression.
We found that HOIL-1 can recognize Bach1, functioning as an E3 ligase in vitro and in vivo. This finding extends the role of HOIL-1 beyond IRP2 regulation. The observed biochemical function of HOIL-1 as an E3 ligase of Bach1 can be integrated nicely in the control of iron homeostasis. When heme is present in excessive amounts, heme inactivates Bach1 partly through HOIL-1-mediated ubiquitination and degradation, thus resulting in HO-1 induction. By the same token, HOIL-1-mediated degradation of IRP2 results in the expression of ferritin (42) . HO-1 degrades heme, releasing precious but hazardous iron, which is then chelated by ferritin. As a result, HOIL-1 may regulate both liberation of free iron and its storage by targeting two hitherto unrelated proteins, Bach1 and IRP2. Because free iron can generate reactive oxygen species, the coordination of HO-1 and ferritin expression seems very reasonable. HOIL-1 recognizes IRP2 when IRP2 binds heme through its HRM (11) . The oxidation of IRP2 catalyzed by heme appears to play a critical role in its recognition by HOIL-1 (42) . Because Bach1 contains multiple HRMs (21), a mechanism similar to IRP2 may thus be involved in the ubiquitination of Bach1. This hypothesis is supported by the results of in vitro ubiquitination assay in which the CP motifs were found to play a critical role (Fig. 7) . However, ZnPP induced degradation of Bach1 in cells even though it does not activate molecular oxygen (Fig. 2C) . At this moment, we hypothesize two possibilities: namely, the oxidation of Bach1 is not involved in the recognition by HOIL-1, or it is actually involved for the effect of heme but not for ZnPP. ZnPP may induce the degradation of Bach1 through an alternative pathway of ubiquitination in vivo which is independent of HOIL-1 and can be regulated by not only heme but also ZnPP. While we showed that the DN HOIL-1 inhibited the Bach1 degradation in MEL cells (Fig. 10) , this observation should be interpreted carefully. The DN HOIL-1 could inhibit other E3 ligases as well. A detailed comparative analysis of Bach1 and IRP2 will thus greatly help to address this issue.
Many genes in higher eukaryotes are regulated by a competitive interplay among repressors and activators as typified by the Myc-Mad-Max (1), E2F (41) , and AP-1 (29) systems. In such systems involving both activators and repressors, not only the activation of activators but also the inactivation of repressors may be important to achieve the induction of target genes. The multilayered regulation of Bach1 activity by heme suggests this is indeed the case. Further investigations of such repressors will thus be important for obtaining a better understanding of how gene circuits actually operate in vivo.
